Genome rearrangement is an important area in computational biology. There are three basic operations, reversal, translocation, and transposition. Here we study the translocation operations. Multichromosomal genomes frequently evolve by translocation events that exchange genetic material between two chromosomes. We focus on the signed case, where the direction of each gene is known. The signed translocation problem asks to find the minimum number of translocation operations as well as the sequence of translocation operations to transform one genome into the other. A lineartime algorithm that computes the the minimum number of translocation operations was given in Li et al., 2004 .¦ § However, that algorithm cannot give the optimum sequence of translocation operations. The best known algorithm that can give the optimum sequence of translocation operations for signed translocation problem runs in¨© time. In this paper, we design an¨© algorithm.
Introduction
Genome rearrangement is a new and rapidly developing area in computational biology.
It contains rich results in terms of both computation and biology. More than sixty years ago, Dobzhansky and Sturtevant published a milestone paper with an evolutionary tree presenting a rearrangement scenario with 17 reversal operations for the species Drosophila pseudoobscura and Miranda. Genome rearrangement is a common mode of molecular evolution in plants, mammals, viral, and bacteria.! " #
Although the rearrangement process is very complicated, there are three basic operations, reversal, translocation and transposition. In this paper, we study the translocation operations. Multichromosomal genomes frequently evolve by translocation events that exchange genetic material between two chromosomes. A genome is a set of chromosomes and a chromosome . Given two genomes, the signed translocation problem is to find the minimum number of translocations as well as the sequence of translocation operations to transform one signed genome into the other.
The signed translocation problem was first studied in Kececioglu and Ravi, 1995. Hannenhalli gave the first polynomial time algorithm to solve the problem. The running time is , where is the total number of genes in the genome. An # algorithm was given in Zhu and Ma, 2002 .# A linear-time algorithm that computes the the minimum number of translocation operations was given in Li et al., 2004 . However, that algorithm cannot give the optimal sequence of translocation operations. In this paper, we present an # algorithm that can compute the optimum sequence of translocation operations and thus improves upon the best known algorithm.
It seems that it is common to have linear-time algorithms to compute the distance values for various kinds of rearrangement operations. However, it takes more time to give an optimal sequence of operations. For example, for the signed reversal distance, a lineartime algorithm that computes the reversal distance value was given in . However, the best known algorithms to give an optimal sequence of reversal operations still take # time.! # (Tesler, 2002) dealed with minimum number of reversals, translocations, fissions and fusions." The value can be computed in linear-time. However, it still takes # time to give the sequence of the four operations." The translocation distance is different from the the distance studied in Tesler, 2002 ." Our algorithm makes use of some new and non-trival properities and structures.
Preliminaries
In this section, we give some basic definitions and describe some previous results that are necessary to present our new algorithm.
The cycle graph
For a genome¨, we will construct a graph . For each
, there is a black edge
containing at least three genes such that there is another interval of the same length
, and Let is inside a segment
. The following lemma is used to prove other lemmas, e.g., Lemma 4.3. 's are contained in a single sub permutation. Note that, there is at most one even isolation. Define . The following theorem gives the value of the translocation distance and is the key to design polynomial time algorithm solving the problem. 
The existing algorithms
Consider two black edges
, where . In that case, a translocation merge the two cycles into one. A bad translocation merges two cycles into one.
The formula (2) gives the value of the translocation distance between two genomes. We want to find translocations such that after applying such a translocation, the translocation distance is reduce by one. Define function¨" , there must be a valid proper translocation for 
Computing the translocation distance
We have designed an algorithm that computes all
's in # time. This algorithm will be used in section 4. Due to space limit, we omit it here. . We use the two terms interchangeably.
Note that some proper translocation may not cut two black edges adjacent to a proper grey edge. However, whenever there is a proper translocation § , there must be a proper grey edge in the long cycle that § breaks. In our algorithm, we always focus on the proper translocations indicated by proper grey edges.
If a proper grey edge (translocation) does not produce a new
, then it is valid. Otherwise, it is not valid. The following lemma shows that in this case, we can find a valid proper grey edge inside the new is found". and eventually find the valid proper grey edge. , the following lemma holds. 
Finding the new
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